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A B S T R A C T
Fresh cut iceberg lettuce spoilage was studied considering the microbial and biochemical activity, the formation
of volatile organic compounds (VOC) and consumer acceptability. Lettuce was packaged under three diﬀerent
packaging conditions and stored at 4 °C for 10 days: anaerobic packaging (ANAER), equilibrium modiﬁed at-
mosphere packaging with 3% O2 (EMAP) and perforated packages (AIR).
Results indicated a clear distinction between packaging conditions. EMAP and AIR resulted in a short shelf life
(≤5.6 days) which was limited due to browning, leading to consumer rejection as assessed via the Weibull
hazard analysis method, while no oﬀ-odors were detected. Culture- independent 16 s rRNA gene amplicon se-
quencing revealed Pseudomonas spp. as the dominating species. In contrast, under ANAER conditions, lactic acid
bacteria dominated with genera of Leuconostoc spp. and Lactococcus spp. proliferating, while also oligotypes of
Pseudomonas spp. were found. Spoilage under ANAER occurred after 6.6 days and it was related to strong fer-
mentative-like oﬀ-odors that were present by the end of storage. As revealed by selective ion ﬂow tube mass
spectrometry (SIFT-MS), these odors were associated with several VOCs such as: ethanol, 3-methyl-1-butanol,
2,3-butanediol, (Z)-3-hexen-1-ol, hexanal, acetic acid, ethyl acetate and dimethyl sulﬁde. Panelists rejected the
iceberg lettuce due to the formation of oﬀ-odors while the overall appearance remained good throughout the
study. Hence a sensor based technology incorporated in the packaging, detecting VOCs and in particular ethanol
as dominant compound, could serve as a spoilage indicator for ANAER packed lettuce, which proved to have the
longest shelf life.
1. Introduction
The demand for freshly cut produce has been steadily increasing in
recent years (Oliveira et al., 2015; Sandhya, 2010). A major part in this
market are fresh cut salads, which are widely consumed and are com-
monly perceived as healthy (Sandhya, 2010), with fresh cut iceberg
lettuce being one of the key lettuce types for single or composite ready-
to-eat salads. Fresh cut iceberg lettuce is very perishable and especially
sensitive to discolorations such as browning (Deza-Durand and
Petersen, 2011) which are among the key quality indicators for con-
sumers when buying fresh cut products. Browning is caused by phe-
nylalanine ammonium lyase activity, an essential enzyme in the bio-
synthesis of phenolic compounds and polyphenoloxidase, which will
ﬁnally convert these phenols into quinones resulting in the production
of melanin polymers (Ragaert et al., 2007; Rico et al., 2007).
A major challenge exists in the packaging of fresh cut salads, where
the permeability of the packaging material (foil) is required to be ad-
justed with the respiration rate of the product in order to achieve
equilibrium conditions inside the package that will extent the shelf life
of the product (Sandhya, 2010). The reason for this is to avoid the
formation of oﬀ-odors related to anaerobic conditions. Therefore, this
equilibrium modiﬁed atmosphere (EMAP) needs to contain enough O2
in order to prevent anaerobic respiration, without exceeding the limits
that enhance browning.
Apart from browning however, also the microbiological quality of
the stored lettuce should be considered. Lettuce is a natural niche for
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microorganisms derived from the soil environment, irrigation water,
processing facilities and handling (Pothakos et al., 2015b). Depending
on the packaging conditions, diﬀerent types of microbiota will prevail
on fresh cut lettuce. Aerobic conditions are mainly associated with
Pseudomonas spp., especially with Pseudomonas ﬂuorescens and genera
of enterobacteria such as Erwinia, known for their ability to produce
pectinolytic enzymes that can further disrupt the lettuce tissue to access
more nutrients (Ragaert et al., 2007). Moreover, Rahnella aquatilis and
lactic acid bacteria (LAB) will dominate under anoxic conditions. Dif-
ferent types of yeasts have been also identiﬁed in minimally processed
vegetables that could potentially induce spoilage (Ragaert et al., 2007).
In order to counter aerobic growth and to prevent the formation of
visual defects, anoxic packaging conditions are preferred most of the
time shifting the microbiota to facultative anaerobes and aerotolerant
genera (Pothakos et al., 2014b). Leuconostoc spp. and Lactococcus spp.
have been identiﬁed as common spoilers under anaerobic conditions in
fresh produce (Jacxsens et al., 2003; Paillart et al., 2017; Pothakos
et al., 2014b; Ragaert et al., 2007). Additionally, psychotrophic re-
presentatives of these genera have been associated with cases of spoi-
lage, especially in Belgium (Pothakos et al., 2014c).
Another crucial factor determining the shelf life of fresh cut lettuce
is the formation of oﬀ-odors. These originate from a variety of volatile
organic compounds with diﬀerent origin.
The disrupted tissue of fresh cut produce will promote enzymatic
lipoxygenase (LOX) activity generated compounds. These compounds,
containing alcohols and aldehydes such as (Z)-3-hexen-1-ol, (Z)-2-
hexenol, (Z)-3-hexenal, are mainly associated with fresh and green leaf
aroma (Charron et al., 1996; Deza-Durand and Petersen, 2011;
Lonchamp et al., 2009; Tudela et al., 2013). However, accumulation of
CO2 which is bound to happen under anaerobic packaging will result in
further production of the LOX related compounds which may result in
the formation of undesirable oﬀ-odors.
Apart from LOX generated VOC's, also the formation of ethanol and
acetaldehyde should be considered as the main compounds related to
anaerobic respiration. Apart from those, a variety of VOCs will be
produced both from the plant tissue and the microbial activity, such as
2-methylbutanal, 3-methylbutanal, β-elemene, ethyl acetate, dimethyl
sulﬁde, 2-methyl-1-butanol, 3-methyl-1-butanol, 2,3-butanedione
(Deza-Durand and Petersen, 2014, 2011; Lonchamp et al., 2009;
Ragaert et al., 2006; Tudela et al., 2013). Together, these VOCs will
form oﬀ-odors with a fermentative/acidic character that will deem the
product undesirable for consumption.
Although a few studies have dealt with the production of VOCs in
fresh cut iceberg lettuce (Deza-Durand and Petersen, 2014, 2011;
Lonchamp et al., 2009; Tudela et al., 2013) none of the current studies
have addressed the production of VOCs with respect to microbial
spoilage and sensory evaluation. While several compounds have been
identiﬁed as potential biomarkers, there is still lack of understanding on
what the contribution of the microbial community is and how the
overall production of these VOCs could be used as indicators to monitor
the quality of the iceberg lettuce. As intelligent packaging is evolving
and sensor based systems are been implemented in packaging tech-
nology (Vanderroost et al., 2014), it is essential to provide information
on biomarkers that derive simultaneously from the consideration of
chemical, microbial and sensory properties of the product. In this paper,
we investigate the relation between biochemical spoilage, microbial
proliferation and consumer acceptability in iceberg lettuce and the
production of VOCs at 4 °C storage, under three diﬀerent packaging
conditions (anaerobic, 3% O2 EMAP and Air storage). These spoilage
markers could be used to monitor the quality status of fresh cut iceberg
lettuce in an intelligent packaging sensor based system.
2. Materials and methods
2.1. Raw material
Fresh cut iceberg lettuce (Lactuca sativa L.) was obtained from a
local processing plant. The lettuce was packaged in individual bags
containing 0.5 kg (dimensions 25× 28 cm) and it was delivered to our
facilities under refrigerated conditions (4 ± 1 °C) within 3 h. A total
amount of 22 kg was used for this experiment.
2.2. Packaging, storage and headspace composition (% CO2/O2)
Three packaging conditions were considered.
EMAP 3% O2 (EMAP). This EMAP consisted of 0.15 kg of lettuce
packaged initially with 2.8–3.5% of O2 balanced by N2, using an OPP
ﬁlm (42 μm ﬁlm thickness, packaging dimensions 21× 21 cm) with a
permeability of 2200mLO2/m2 d atm, measured at 7 °C and 90% RH
(Amcor ﬂexibles, Ledbury, UK). The gas mixture was introduced within
the bags directly from the outlet of a mixing tank (Multivac Sepp
Haggenmüller, Model C 300, Wolferschwenden, Germany), after which
sealing was performed by a Sealboy 321 (Audion Elektrom, AJ Weesp,
Holland).
Anaerobic conditions (ANAER). This MAP (dimensions
25× 28 cm, used by the producer as delivered) consisted of fresh cut
iceberg lettuce packaged with in a BOPP-ﬁlm with lower permeability
values compared to the EMAP-ﬁlm (30 μm ﬁlm thickness; permeability
of 632mLO2/m2 d atm, measured at 7 °C and 90% RH) containing re-
sidual O2 < 0.01% and 5% CO2 balanced with N2.
Air packaging (AIR). In order to simulate air storage, the produ-
cer's package was perforated several times using a needle in order to
achieve air conditions.
All packages were stored at 4 °C for a maximum period of 10 days.
Headspace gas composition (% CO2/O2) was analyzed with a gas
measurement device, CheckMate® 9900 CO2/O2 (Dansensor A/S,
Ringsted, Denmark).
2.3. Microbial analysis and pH measurements
Microbial counts were enumerated on days 1, 3, 5, 6, 7 and 10.
Three packages from each packaging condition were sampled under
aseptic conditions; 10 g of iceberg lettuce were transferred in a sterile
stomacher bag and 90 g of peptone saline solution (PPS) were added
(1 g/L Neutralized Bacteriological Peptone, LP0034, Oxoid Ltd.,
Basingstoke, Hampshire, UK and 8.5 g/L NaCl 71,383-5KG, Sigma-
Aldrich Chemie GmbH, Steinheim, Germany). Thereafter, this mixture
was homogenized for 60 s using a Stomacher Lab-Blender 400 (Led
Techno, Eksel, Belgium). Subsequently, a decimal dilution series was
prepared in PPS and 0.1 mL aliquots were spread on Yeast Glucose
Chloramphenicol agar (YGC) for the yeast count, (356-4104, BIO-RAD,
Marnes-La-Coquette, France) and Pseudomonas agar (PA) supple-
mented with C-F-C for the number of Pseudomonads (SR0103E, Oxoid
Ltd., Basingstoke, Hampshire, UK; CM0559, Oxoid Ltd., Basingstoke,
Hampshire, UK) while 1mL aliquots were pour plated in De Man,
Rogosa and Sharpe agar (MRS) for lactic acid bacteria, (CM0361, Oxoid
Ltd., Basingstoke, Hampshire, UK), Plate count agar (PCA) for the total
psychotrophic counts (TPC) (CM0325, Oxoid Ltd., Basingstoke,
Hampshire, UK) and Rapid Enterobacteriaceae agar (RE) for en-
terobacteria, (356-4004, BIO-RAD, Marnes-La-Coquette, France). Each
dilution series was plated out into duplicate. The PA and the YGC plates
were incubated at 22 °C for 72 h; MRS and PCA plates were incubated at
22 °C for 120 h; RE plates were incubated at 37 °C for 24 h. pH was
determined using a pH electrode (Lab® 427, Mettler Toledo GmbH,
Schwerzenbach, Switzerland) connected to a pH meter (SevenEasy,
Mettler Toledo GmbH) as an average of three consecutive measure-
ments from the 1/10 dilution of iceberg lettuce inside the stomacher
bag.
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2.4. SPME-GC–MS
SPME-GC–MS was used to assist with the identiﬁcation of the
compounds, during the preliminary phase. For this purpose, samples
from the beginning (day 3) and end of storage (day 10) were used. For
each packaging condition 5 g of lettuce was placed in a 20mL glass vial,
and 3 g of NaCl was added and then mashed with a sterile glass stick.
The vials were closed with a PTFE-faced silicone septum screw cap
(Agilent Technologies, Diegem, Belgium) and were analyzed im-
mediately after preparation. Chromatographic analysis was performed
in an Agilent 7890A GC (Agilent, Palo Alto, CA) equipped with a CTC
PAL autosampler and a 5975C Mass Spectrometer. The samples were
pre-incubated at 50 °C under constant agitation (500 rpm). Extraction
of the analytes was carried out from the headspace of the vial at 50 °C
for 10min with a carboxen/polydimethylsiloxane (CAR/PDMS) SPME
ﬁber 75 μm, 23Ga (Supelco, Bellefonte, USA). During the extraction the
vial was agitated at 500 rpm. Prior to use, the ﬁber was conditioned at
270 °C for 1 h as recommended by the manufacturer. After each deso-
rption, the ﬁber was post-conditioned for 5min at 250 °C to avoid carry-
over. The analytes were desorbed from the ﬁber in a PTV inlet at 250 °C
in splitless mode for 3min and chromatographic separation was carried
out on a DB 624 column 60m×0.25mm ID, with 1.4 μm ﬁlm thick-
ness (Agilent Technologies Belgium S.A./N.V., Diegem, Belgium). The
temperature program was set as follows: 3 min at 30 °C, ramp 4 °C/min
to 100 °C and was kept stable for 8min, ramp 12 °C/min to 220 °C and
5min post-run at 230 °C. The carrier gas was He at a ﬂow rate of
1.3 mL/min. The MSD conditions were the following: capillary direct
interface temperature, 250 °C; ionization energy, 70 eV; operating mode
scan from m/z 34–350; scan rate 3.64 Hz. The data were processed by
the MSD Chemstation software package (D.01.02.16, Agilent
Technologies, Santa Clara, CA, USA) and a tentative identiﬁcation of
the observed peaks was carried out on the basis of spectrum comparison
with the NIST 05 Library (data not shown).
2.5. Quantiﬁcation of spoilage related VOCs by SIFT-MS
The application of SIFT-MS for the quantitation of VOCs in food
related matrices has been widely established over the last years. The
speciﬁcs of this technique have been thoroughly described elsewhere
(Ioannidis et al., 2017; Kuuliala et al., 2017b; Noseda et al., 2010;
Španěl et al., 2002). SIFT technology is based on the chemical ioniza-
tion of the VOCs by reagent ions (NO+, O2+ and H3O+) produced
through a microwave discharge on humidiﬁed air. Each speciﬁc reagent
ion is selected by the quadrupole mass ﬁlter. Then, the ion stream of the
selected reagent is transferred along the ﬂow tube by a rapid ﬂowing
helium carrier gas. The sample is introduced into the ﬂow tube through
a heated capillary while the VOCs react with the selected precursor ion,
by a known reaction rate constant (k). Consequently, the product ions
of the ionization reactions are guided through a second quadrupole
mass spectrometer. Finally, a concentration of the target compound is
being calculated, proportional to the count rate ratio of the product ion
to the reagent ion. In a preliminary phase a full mass scan was con-
ducted from m/z 10–200 to identify the most abundant ion fragments in
the samples. This was compared with the results of the SPME-GC–MS to
build a multiple ion mode (MIM) method. The MIM scan was used
during the measurements targeting speciﬁc ions, thoroughly described
in Table 1. These product ions were selected on the basis of i) having a
high branching ratio (BR) during the reaction with the precursor ions,
ii) a low relative standard deviation (RSD<30%) of their average
value during the measurements and iii) the absence of mass overlaps
resulting in conﬂicts. At each day of analysis and prior to the mea-
surements, the instrument was routinely validated (automated proce-
dure) to verify the proper function of all the internal parameters.
Sampling was conducted from the headspace of the packages through a
septum attached on the foil. For this purpose, a single use sterile needle
was used connected to the capillary; a ﬂow of 26mL/min was used
while the duration of the measurement was 130 s.
2.6. Sensory analysis
The sensory shelf life was determined by executing a sensory test
based on the Weibull hazard analysis method (Cardelli and Labuza,
2001; Fu and Labuza, 1993). In this test, a yes/no response was re-
corded; panelists were asked to assess lettuce samples as being accep-
table for consumption based on their overall quality, appearance
(browning) and odor. On each analysis day samples of 50 g of iceberg
lettuce were transferred in transparent pouches. The test was performed
on days 1, 3, 5, 6, 7, 10 of storage, for each condition: day 7 was the
expiration date used by the producer while day 10 was used as an ex-
treme scenario. Panelists were recruited among students and staﬀ
members of Ghent University and allowed to participate in the study
only if they regularly consumed fresh cut iceberg lettuce. Initially three
panelists were used at the beginning of the test on day 1. Then the
number of panelists was increased by one extra member (e.g. N (d1)= 3,
N (d3)=N (d1)+C,; where N is the number of the panelists at each time
point, C=1 and is the interval for the increase in the panelist number)
at each consecutive sampling point until half of the panelists found the
samples unacceptable. Once 50% of the panelists have found the sample
unacceptable, the number of negative responses was also added to the
total number of the panelists for the consecutive assessment (e.g. if
unacceptable responses> 50% on day 6 then N (d7)=N (d6)+ 6+U,
where U=number of unacceptable responses). A typical table for
Weibull sensory data is provided as supplementary materials for the
AIR condition (Supplementary Table 1). No more than nine samples per
session were presented to the panelists. They were asked to comment on
their choice in case they found the sample unacceptable for consump-
tion. They were also asked to cleanse their nose by smelling their wrists
in between the samples.
Sensory analysis data were processed according to the method de-
scribed by (Gacula and Singh, 1984) for Weibull Hazard plot calcula-
tion. The same procedure was followed as described in (Palazón et al.,
2009). A hazard-rank table was built using the sensory data responses
containing the hazard (H) and cumulative hazard (∑H) values (Provided
as Supplementary Table 2). Hazard values resulted from dividing 100
by the rank given to each unacceptable sample. Cumulative hazard
values and time were ﬁtted by a linear regression method and log data
were plotted on a double logarithmic scale obtaining the shelf life of the
product. The criterion for the end of the shelf life was determined as the
time were there was 25% probability, for the untrained panelists to
characterize the samples as being unacceptable. The 25% cut of point
was considered (Giménez et al., 2008) since iceberg lettuce has a lim-
ited shelf life, this corresponds to a cumulative hazard of 28.9. The
shape factor parameter (β) is deﬁned as 1/slope, where the slope cor-
responds to the slope of the logarithm of time versus the logarithm of %
failure. According to Cardelli and Labuza, 2001, “the Weibull dis-
tribution is unskewed for 2 < β < 4, which leads to better shelf life
estimates”. Whenever the test is extended past the shelf life, most of
samples are evaluated as unacceptable shifting β outside the optimum
range. In this scenario the data were then replotted until a cumulative
hazard of 100%, if the shape factor was still outside the optimal limits,
the model was not ﬁtted for the speciﬁc condition.
2.7. Amplicon sequencing
16 s rRNA gene amplicon sequencing analysis of the regions V3-V4
was used for the characterization of the iceberg lettuce microbiome
over storage time. Due to limitations on the described protocol no
yeasts were examined. Three samples per sampling day, stored inter-
mediately at−32 °C were selected to represent early, and late stages of
storage from each packaging condition; in MAP3 a sample on day 1 was
destroyed during transportation. Bacterial cells were aseptically col-
lected from each sample; the cells were collected prior to microbial
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sampling. A 1mL aliquot was transferred to a sterile Eppendorf tube
from a ﬁlter stomacher bag before homogenization. Then the tubes
were centrifuged at 14000 rpm for 2min and the supernatant was dis-
carded, the pellet was stored at −32 °C.
A phenol/chloroform extraction procedure with mechanical dis-
ruption using a FastPrep device (Vilchez-Vargas et al., 2013) was used
for the extraction of DNA. The procedure followed has been already
described (Kuuliala et al., 2017b).
Library preparation and sequencing was carried out at LGC
Genomics (Germany) according to the procedure presented by De
Vrieze et al., 2016. The PCR mix contained 1 ng of DNA extract and
PCRs showing low yields were further ampliﬁed for 5 additional cycles
if needed. Sequencing was done on an Illumina MiSeq platform using v3
Chemistry (Illumina, San Diego, California, USA) along with a mock
community that was included in triplicate in the sequencing run to
assess the sequencing quality. The mock community consisted of the
genomic DNA of 12 species from 10 diﬀerent phyla and was pooled to
an equimolar concentration of 16S rRNA gene copies based on Q-PCR
with the Illumina primers.
The mothur software package v. 1.38.0 (Schloss et al., 2009) and
guidelines developed by P. Schloss (Miseq sop.12th October 2016;
Kozich et al., 2013) were used for processing the amplicon sequencing
data. From the total number of forward and reverse reads, contigs with
lengths outside of the 2.5–97.5% quantiles or sequences with ambig-
uous base calls were removed. Remaining unique sequences were
aligned to the mothur-reconstructed SILVA Seed alignment v. 123
(Pruesse et al., 2007). Unique sequences were pre-clustered within a
distance of 1/100 nucleotides and chimeras were screened with
UCHIME (Edgar et al., 2011). Next, sequences were classiﬁed using
RDP v. 14 (Cole et al., 2009) and Wang's algorithm.
Non-bacterial or unidentiﬁed sequences were removed and the re-
maining OTUs were clustered using average linkage and 97% sequence
identity. Single-read OTUs were considered as likely errors and dis-
carded from further analyses. The alpha diversity was examined by
rarefaction curves and community richness estimators Chao Chao
(1984), Chao and Bunge Chao and Bunge (2002) and ACE-1 (Chao and
Lee, 1992) diversity estimators Shannon (Shannon and Weaver, 1949),
Simpson Simpson (1949) and inverse Simpson, and evenness estimator
Pielou Pielou (1966).
Table 1
SIFT-MS multiple ion mode (MIM) method used during the measurements of iceberg lettuce stored at 4 °C with the VOCs, the precursor ions used and their respective
product ions, mass to charge ratios (m/z), branching ratios (b) and reaction rate coeﬃcients (k).
VOC Precursor ion m/z b (%) k Product ion
Acids
Acetic acid NO+ 90 100 9.0 E −09 NO+·CH3COOH
NO+ 108 9.0 E −09 NO+·CH3COOH·H2O+
Alcohols
(Z)-3-Hexen-1-ol O2+ 67 30 2.5 E −09 C5H7+
1-hexanol NO+ 101 100 2.4 E −09 C6H13O+
1-octanol NO+ 129 95 2.3 E −09 C8H17O+
Ethanol NO+ 45 100 1.2 E −09 C2H5O+
NO+ 63 1.2 E −09 C2H5O+.H2O
NO+ 81 1.2 E −09 C2H5O+.2H2O
2,3-butanediol NO+ 89 100 2.3 E −09 C4H9O2+
NO+ 107 2.3 E −09 C4H9O2+.H2O
3-Methyl-1-butanol O2+ 59 85 2.1 E −09 C3H7O+
Isobutyl alcohol O2+ 33 50 2.5 E −09 CH5O+
2-Butoxyethanol O2+ 87 50 1.4 E −09 C4H9OCH2+
Methanol H3O+ 33 100 2.7 E −09 CH5O+
H3O+ 51 2.7 E −09 CH3OH2+.H2O+
H3O+ 69 2.7 E −09 CH3OH·H+.(H2O+)2
Aldehydes
Acetaldehyde O2+ 43 45 2.3 E −09 C2H3O+
O2+ 44 55 2.3 E −09 C2H4O+
(Z)-3-Hexenal NO+ 97 50 3.1 E −09 C6H9O+
Benzaldehyde NO+ 105 100 2.8 E −09 C7H5O+
3-Methylbutanal NO+ 85 100 3.0 E −09 C5H9O+
Formaldehyde H3O+ 31 100 3.4 E −09 CH3O+
H3O+ 49 3.4 E −09 H2CO·H+.H2O
H3O+ 67 3.4 E −09 H2CO·H+.(H2O)2
Hexanal NO+ 99 100 2.5 E −09 C6H11O+
Alkanes
Dodecane NO+ 169 90 1.5 E −09 C12H25+
1-Pentene NO+ 46 60 1.6 E −09 NOCH4+
Ketones
Acetone NO+ 88 100 1.2 E −09 NO+.C3H6O
Butanone NO+ 102 100 2.8 E −09 NO+.C4H8O
2,3-Butanedione NO+ 86 65 1.3 E −09 C4H6O2+
Sulfur compounds
Dimethyl sulﬁde O2+ 47 25 2.2 E −09 CH3S+
O2+ 62 60 2.2 E −09 (CH3)2S+
Esters
Ethyl acetate NO+ 118 90 2.1 E −09 NO+.CH3COOC2H5
Methyl acetate NO+ 104 80 1.6E −09 NO+.CH3COOCH3
Terpenes
R-Limonene NO+ 136 88 2.2 E −09 C10H16+
trans-Caryophyllene NO+ 204 78 2.0 E −09 C15H24+
Other compounds
o-Xylene NO+ 106 100 2.1 E −09 C8H10+
Toluene O2+ 92 100 2.2 E −09 C7H8+
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2.8. Oligotyping
Oligotyping analysis was focused on the OTU classiﬁed as
Pseudomonas spp. which was abundant on all samples. The analysis was
performed on 25,846 reads from 9 samples of iceberg lettuce from the
10th day of storage, with oligotyping pipeline version 2.1 (available
from https://meren.github.io/projects/oligotyping/) using 6 entropy
components following the initial entropy analysis. To reduce the noise,
each oligotype required to (1) appear in at least 1 sample, (2) occur
in> 0.0% of the reads for at least one sample, (3) represent a minimum
of 0 reads in all samples combined, and (4) have a most abundant
unique sequence with a minimum abundance of 120. Oligotypes that
did not meet these criteria were removed from the analysis. The ﬁnal
number of quality controlled oligotypes revealed by the analysis were
11, and they represented 24,307 reads, which was equivalent to
94.05% of all reads analyzed. The ﬁnal total purity score was 0.93. For
the taxonomical identiﬁcation of the identiﬁed oligotypes, a BLAST
search using the default search parameters was performed through the
open source platform of National Center for Biotechnology Information
with the Refseq RNA dataset as a reference (Morgulis et al., 2008;
Zhang et al., 2000).
2.9. Statistical analysis
Data and principal components analysis (PCA) was conducted using
IBM SPSS Statistics 24.0. Parametric 2-way ANOVA was conducted for
the microbial counts, and one-way ANOVA for the VOCs. Normality
was assessed by Q-Q plots observation and the Shapiro-Wilk test.
Welch's ANOVA was deployed in the cases where the homogeneity of
variance assumption was not met. Post hoc analysis was conducted with
Tukey's test or Games-Howell if homogeneity of variance was not as-
sumed. For the generation of the partial least square (PLS) regression
model, JMP 12 statistical software (SAS Institute Inc. 2013) was used.
For the analysis of predictor and response variables NIPALS algorithm
and leave-one-out cross validation were selected according to (Kuuliala
et al., 2017a). Logarithmic and standardized VOCs were used as pre-
dictor variables and time, Pseudomonas and LAB counts or sensory
rejection % as the response variable. All the variables were transformed
to logarithms. The variable importance parameters (VIP) values and the
regression coeﬃcients were determined for all VOCs.
3. Results
3.1. Microbiology
Microbial counts were enumerated during the storage of iceberg
lettuce under the three diﬀerent types of packaging (Table 2). The re-
sults of the 2-way ANOVA indicated that there is a statistical signiﬁcant
eﬀect of time and a signiﬁcant interaction (p < 0.05) between the
packaging type and time on growth for all the enumerated count types.
The initial contamination after one day of storage was not statistically
diﬀerent for each microorganism group between the three diﬀerent
packaging types. TPC exceeded 6 log cfu/g on day 3 of AIR packaging to
reach between 7.2 and 7.3 log cfu/g on the 7th day of storage. Pseu-
domonas spp. presented the highest growth exceeding 6 log cfu/g on
day 3 of storage, ﬁnally reaching 7 log cfu/g on day 7, which is the best
before day of consumption given by the producer for anaerobically
stored lettuce, while the rest of the counts were below 6 log cfu/g. A
very similar trend was observed for the EMAP were the counts on the
1st day of storage were 4.8, 4.1, 4.5, 3.6 and 2.8 log cfu/g for TPC, LAB,
Pseud, ENT and Yeasts, respectively. TPC exceeded 6 log cfu/g on day 5
while in a similar manner Pseudomonas spp. exceeded 6 log cfu/g on day
5 presenting also the highest growth for each microbial group while the
rest of the of counts remained under 6 log cfu/g of day 7.
A diﬀerent trend was observed for the iceberg lettuce stored in
ANAER packaging. TPC exceeded 7 log cfu/g on day 5 and reached
9.3 log cfu/g on the 10th day of storage which were the highest counts
observed among the 3 diﬀerent MAP conditions. LAB presented a si-
milar growth pattern reaching 7.1 log cfu/g on the 5th day of storage
and ﬁnally reaching 8.1 log cfu/g on day 10. Additionally, Pseudomonas
spp. exceeded 6 log cfu/g on the 5th day of storage while enterobacteria
reached similar levels on the 7th day of storage.
3.2. pH and gas composition
The initial measured pH of lettuce was between 5.6 and 5.8 on the
ﬁrst day of storage for the three MAP conditions. No statistical sig-
niﬁcant changes were observed during storage time for the pH value of
the ANAER lettuce and the lettuce stored at EMAP, except from a small
signiﬁcant increase (p < 0.05) in the lettuce stored in AIR.
The gas composition the perforated bags (AIR) presented an in-
crease of O2 reaching an equilibrium on the 3rd day of storage ap-
proaching 19–20% O2 in the headspace of the bag while the CO2
maintained an average concentration of 3.1% during storage. For EMAP
a dynamic equilibrium was obtained which permitted approximately
3.5% O2 inside the package which increased to 5% by the end of sto-
rage. Additionally, the CO2% remained at 3% during storage. For the
ANAER condition O2 remained under 0.01% during storage while CO2
presented an overall signiﬁcant increase starting from 4% and reaching
17.4% by the end of storage (Fig. 1).
3.3. Sensory analysis
All the unacceptable responses given by the panelists were recorded
as hazard ranks (Supplementary Table 1), starting the enumeration
from the last incident at the end of the test to the ﬁrst noted un-
acceptable response. Consequently, the hazard ranks were translated
into hazard values. The results from the hazard values for the anaerobic
and the air storage are presented in the Supplementary Table 2. The
Weibull shelf life plot using a cut oﬀ criterion of 25%, revealed a shelf
life of 6.6 days (β=2.6) for the ANAER stored lettuce and 5.6 days
(β=2.6) for the AIR packages which were replotted for a cumulative
hazard value< 100 (Fig. 2). The model could not be ﬁtted for the
EMAP without violating the optimal shape factor limits. The shelf life of
iceberg lettuce was proven to be heavily dependent on the appearance,
rather than on the odor. All the samples stored under O2 were rejected
due to browning, while no oﬀ-odor was perceivable until the end of
storage. In contrast the anaerobically stored lettuce was rejected due to
the formation of strong oﬀ-odors described as pungent/fermented,
while the appearance of the lettuce remained acceptable through sto-
rage. It is worthwhile mentioning here that the question for the pane-
lists was if they would consume the lettuce. In a retail store however,
the ﬁrst criterion used for buying is the acceptable appearance which
implies that none of the ANAER samples would be rejected at the mo-
ment of purchase.
3.4. VOCs
Several VOCs have been identiﬁed under the diﬀerent packaging
conditions of lettuce stored at 4 °C. The majority of the VOCs were only
present in the ANAER condition while only few compounds were de-
tected at the conditions containing oxygen (AIR and EMAP).
For the iceberg lettuce stored under AIR only three compounds were
detected: dimethyl sulﬁde, methanol and ethanol. Dimethyl sulﬁde
varied signiﬁcantly (p < 0.015) throughout storage, starting on the
ﬁrst day at 136 ± 18 μg/m3, increasing to 211 ± 13 μg/m3 on the 7th
day of storage and dropping to 70 ± 41 μg/m3 by the end of it. In
contrast, a signiﬁcant and consistent decrease (p < 0.002) was ob-
served for methanol starting from 3745 ± 588 μg/m3 and dropping to
316 ± 188 μg/m3 by the end of storage. Ethanol was detected below
200 μg/m3 but no clear trend was observed during time.
For the EMAP lettuce, ﬁve compounds were detected: acetaldehyde,
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isobutyl alcohol, ethanol, dimethyl sulﬁde and methanol. Acetaldehyde
and isobutyl alcohol were only detectable on the 1st day of storage with
a concentration of 155 ± 56 μg/m3 and 523 ± 11 μg/m3, respec-
tively. Ethanol was only detectable during the ﬁrst three days of storage
starting from 3262 ± 1020 μg/m3. A signiﬁcant decrease was observed
for dimethyl sulﬁde (p < 0.015) starting from 102 ± 8 μg/m3 and
dropping to 62 ± 8 μg/m3 by the end of storage. In a similar manner
methanol presented a signiﬁcant decrease (p < 0.002) from
3825 ± 263 μg/m3 and to 1101 ± 332 μg/m3 by the end of storage.
For the ANAER condition 20 VOCs were detected in total. In order
to identify which compounds were relevant to the spoilage of iceberg
lettuce and therefore the formation of oﬀ-odors, a PCA was deployed as
an unsupervised selection method. The aim of the PCA was to extract
those compounds that correlate with the time evolution to use them for
further analysis.
The principal components analysis (PCA) was run on 16 variables
(VOCs and time) (Fig. 3). The suitability of PCA was assessed prior to
analysis. Inspection of the correlation matrix showed that all variables
had at least one correlation coeﬃcient (Pearson's correlation)> 0.3
(Supplementary Table 3). The overall Kaiser-Meyer-Olkin (KMO)
measure, which is an index of whether there are linear relationships
between the variables, was 0.75 which is classiﬁed as “middling” to
“meritorious” according to Kaiser, 1974, while the KMO value for in-
dividual variables was above 0.5. Bartlett's Test of Sphericity was sta-
tistically signiﬁcant (p < 0.001), indicating that the data were appro-
priate for factor analysis. PCA revealed two components which
explained 87.8%, and 4.6% of the total variance respectively. The VOCs
extracted by the PCA are all presented in Fig. 4A and Fig. 4B as the
average of the three samples with their respective standard deviations.
3.4.1. Alcohols
All the alcohols extracted from the PCA presented an increase over
the time evolution, with linear correlations ranging from r=0.90–0.95
except for 2,3-butanediol (r=0.67). From the alcohols associated, 3-
methyl butanol presented a tenfold increase by the end of the shelf life,
2,3-butanediol increased from 584 ± 284 μg/m3 reaching<3000 μg/
m3 by the 6th day of storage, isobutyl alcohol presented a twofold in-
crease. (Z)-3-hexen-1-ol starting from 157 ± 8 μg/m3 on the ﬁrst day
of storage and reached 1554 ± 123 μg/m3 by day 10. Ethanol pre-
sented the highest overall concentrations staring from
26,920 ± 2634 μg/m3 on the 1st day of storage and reaching
100,895 ± 4472 μg/m3 by the 10th day.
3.4.2. Aldehydes
The linear correlation of aldehydes with time ranged between
r=0.74–0.97. Benzaldehyde did not exceed 50 μg/m3 by the end of
shelf life. Formaldehyde increased to 430 ± 30 μg/m3 by the end of
storage. Both hexanal and (Z)-3-hexenal increased over time reaching
91 ± 11 μg/m3 and 119 ± 17 μg/m3 respectively on the 6th day of
storage.
3.4.3. Acids, esters and ketones
Acetic acid and ethyl acetate had good linear correlations with time,
of r= 0.90 and 0.96 respectively. Acetic acid started from 64 ± 22 μg/
m3 on the 1st day of storage and exceeding 290 μg/m3 by the end of the
shelf life. In a similar manner ethyl acetate with an initial concentration
of 24 ± 1.7 μg/m3 reached 569 ± 37 μg/m3 at the end of storage
time. 2,3-Butanedione presented a small overall increase until the 6th
day of storage while it remained relatively stable for the rest of the
storage time.
3.4.4. Sulfur and other compounds
Toluene, dimethyl sulﬁde and 1-pentene presented a high increase
with a good linear correlation with time between r=0.93–0.95.
Dimethyl sulﬁde starting from 198 ± 9 μg/m3 exceeded 500 μg/m3 by
6th day of storage. Toluene presented a high overall increase, however
overestimation of the concentrations is possible since potential pro-
duction of terpenes which cannot be measured eﬃciently by SIFT-MS
(e.g. alpha-pinene and beta-pinene) can overlap with the measured
mass.
A PLS regression model was deployed using the 15 VOCs extracted
from the PCA as x predictors while correlating them with consumer
rejection, Pseudomonas spp. and LAB counts (data not shown). A vari-
able importance parameter (VIP) of 1 was selected as suggested by the
study of Kuuliala et al. (2017a). No clear distinction between the pre-
dictors and the response variables could be obtained, however a strong
correlation was observed that indicated an overall increasing trend
related with the storage time.
3.4.5. 16 s rRNA gene sequencing
All the samples had a high abundance of chloroplast sequences that
were removed from the initial OTUs. This led to reduction in the sample
size especially in the beginning of storage on day 0, however with the
signiﬁcant increase of microbial counts on day 10 appropriate sampling
depth was reached for most of the samples. Alpha diversity analysis
indicated that ACE-1 (Chao and Lee, 1992) was the most stable richness
estimator for the studied dataset (Supplementary Fig. 1). Under
Table 2
Microbial counts average (n=3) with their respective standard error (S.E.), of iceberg lettuce stored at 4 °C under three diﬀerent conditions. The letters represent
signiﬁcance groups x/y, with x referring to the time evolution of the counts on the same row and y referring to the signiﬁcance groups on each time point per
medium.
Counts Packaging condition 1⁎ S.E. 3 S.E. 5 S.E. 6 S.E. 7 S.E. 10 S.E.
TPC AIR 5.13⁎⁎a/a 0.41 6.39b/a 0.20 6.67b/a 0.15 6.63bc/a 0.08 7.16c/ab 0.15 7.72d/a 0.08
TPC EMAP 4.78a/a 0.19 5.86a/a 0.10 6.95b/ab 0.03 7.05bc/b 0.07 7.27c/a 0.02 7.67d/a 0.03
TPC ANAER 4.54a/a 0.09 5.84b/a 0.12 7.24c/b 0.14 7.38cd/c 0.03 7.80d/b 0.01 8.26e/b 0.08
LAB AIR 4.00a/a 0.11 5.05b/a 0.13 4.98b/a 0.04 6.67c/a 0.06 5.55d/a 0.07 6.00e/a 0.04
LAB EMAP 4.13a/a 0.08 5.17bc/a 0.13 5.66b/b 0.03 5.66bc/b 0.04 5.51bc/a 0.13 5.88bc/a 0.02
LAB ANAER 3.89a/a 0.15 5.52b/a 0.17 7.12c/c 0.15 7.12c/c 0.02 7.31c/b 0.01 8.12d/b 0.07
Pseud AIR 4.61a/a 0.06 6.11b/a 0.07 6.52c/ab 0.04 6.96d/a 0.04 7.03d/a 0.11 7.45e/a 0.04
Pseud EMAP 4.54a/a 0.13 5.88b/b 0.02 6.61c/a 0.02 6.95d/a 0.04 7.16de/a 0.04 7.41e/a 0.05
Pseud ANAER 4.34a/a 0.06 4.89b/c 0.05 6.07c/b 0.19 6.03c/b 0.12 6.32c/b 0.07 7.01d/b 0.05
ENT AIR 3.54a/a 0.06 5.90b/a 0.16 5.46b/a 0.01 5.81b/a 0.05 5.89bc/a 0.14 6.35c/ab 0.05
ENT EMAP 3.60a/a 0.04 4.93b/b 0.11 6.03c/b 0.06 5.82cd/a 0.13 5.87c/a 0.02 6.22cd/a 0.04
ENT ANAER 3.50a/a 0.02 4.71b/b 0.09 5.47c/a 0.06 5.77cd/a 0.01 6.13cd/b 0.12 6.71d/b 0.14
Yeasts AIR 2.74a/a 0.07 3.32b/a 0.16 3.40b/a 0.12 3.90c/a 0.04 3.62bc/a 0.05 3.54bc/a 0.12
Yeasts EMAP 2.76a/a 0.11 3.37ab/a 0.07 3.64bc/a 0.14 3.83bc/a 0.25 3.773bc/a 0.09 4.10c/ab 0.16
Yeasts ANAER 3.27ab/a 0.37 3.01a/a 0.24 3.43ab/a 0.18 3.79ab/a 0.29 3.74ab/a 0.10 4.39b/b 0.19
⁎ days.
⁎⁎ log cfu/g.
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modiﬁed atmospheres, the ACE-1 index suggested that community
richness was lower during the early days of storage and that it increased
over the last day of storage. For the AIR condition the ACE-1 remained
relatively stable. On the other hand, diversity indices showed that
community diversity was highest in the beginning of storage (day 0)
under all tested conditions and that was reduced by the end (day 10),
which is best represented by Inverse Simpson and Shannon indexes
(Supplementary Fig. 2). Even though relatively high species diversity
was estimated in samples from early stages of storage the low read
counts were likely insuﬃcient for appropriate sampling of diversity.
After data processing, 343 OTUs were retained at the 97% sequence
identity threshold while a high variation in the read counts was ob-
served between samples, especially between the beginning and the end
of storage. The relative abundances of the eight most abundant genera
is presented in Fig. 5. A higher relative diversity on a genus level was
observed in the microbiota in the beginning of storage, with almost
60–75% of the relative abundance classiﬁed as other genera (Day 0). A
similar proﬁle was observed between the initial samples for all
conditions, with Mycoplasma spp., Pseudomomonas spp., members of
LAB and enterobacteria constituting in most of the cases< 25% of the
initial microbiota on day 0. However, this pattern was altered com-
pletely with the application of the packaging conditions creating two
distinctive groups on the 10th day of storage. The ﬁrst group contained
the EMAP and AIR. In these two conditions a very similar proﬁle was
observed with 50–75% of Pseudomonas spp. dominating the samples
and consecutively Rahnella spp., Janthinobacterium spp. and Flavono-
bacterium spp. constituting<25%.
In contrast a diﬀerent proﬁle was observed in ANAER condition,
where 4 genera where the most abundant with 25–35% of Pseudomonas
spp.,30–35% of Lactococcus spp., 15–20% Rahnella spp. and 10–15%
Leuconostoc spp.
3.5. Oligotyping
Oligotyping was done on Pseudomonas spp. OTU to investigate if
diﬀerent species of Pseudomonas could proliferate under the diﬀerent
oxygen concentrations, as in all three packaging conditions
Pseudomonas was present in relative high levels at the end of the sto-
rage time. The results revealed in total 11 oligotypes, while the 4 most
abundant ones constituted on average> 80% of the total reads.
Oligotype “AGTAAG” could be linked with Pseudomonas veronii which
dominated ANAER packaging with total amount between 68 and 79%
while it was present between 20 and 32% in the EMAP and AIR re-
spectively. In contrast, oligotype “ATGTAA” which could be linked with
Pseudomonas ﬂuorescens was detected between 34 and 50% in EMAP
and AIR conditions while it was only present between 3 and 5% in
ANAER. Oligotype “AGTAGG” could also be linked with Pseudomonas
veronii that was detected also between 13 and 15% in the ANAER while
it was present below 8% in the EMAP and AIR conditions. Finally,
oligotype “TGCTAA” could be linked with Pseudomonas ﬂuorescens and
it was present between 6 and 14% in EMAP and AIR while< 2% was
detected in the ANAER condition. A clear distinction could be observed
between the oligotypes present in the oxygen containing EMAP and AIR
and the ANAER condition, presented in Fig. 6.
4. Discussion
Spoilage processes of iceberg lettuce are directly linked with the
packaging conditions. From a microbial point of view Pseudomonas spp.
dominates under aerobic conditions as it is one of the most common
aerobic spoilers in minimally processed vegetables (Ragaert et al.,
2007). VOCs production was limited under O2 containing conditions
which is in correspondence with earlier observations by (Tudela et al.,
2013). However, quality deterioration of aerobically packaged iceberg
lettuce strictly depends on the appearance of the product and hence-
forth discoloration which leads to an early consumer rejection. In our
study the appearance of pink discoloration was prominent from the 3rd
day of storage in both O2 containing conditions (EMAP and AIR), while
the Pseudomonads counts were between 5.9 and 6 log cfu/g after the
same time point. Moreover, the most prominent OTUs and later asso-
ciated oligotypes under these conditions were linked with Pseudomonas
ﬂuorescens, which can proliferate under O2 rich conditions especially
under refrigerated temperatures in minimally processed vegetables
(Ragaert et al., 2007; Gopal et al., 2010). Pseudomonads are known for
their pectinolytic enzyme production capacity and resulting browning
and discoloration. Our results indicated no practical diﬀerence between
EMAP and AIR conditions. Importantly in both storage conditions, no
observable oﬀ-odor could be detected as an early spoilage indicator.
A completely diﬀerent spoilage mechanism was observed under
anaerobic storage of lettuce during which the biochemical processes of
the plant cells are forced to an anaerobic pathway. This leads to no
immediate observable defects on the lettuce appearance in the early
stages of the shelf life, since browning enzymes are inhibited. However,
an increased production of fermentative associated VOCs occurred
Fig. 1. Average (n= 3) pH and gas measurements with their respective stan-
dard deviations, for the iceberg lettuce stored at 4 °C, symbols represent: (•)
EMAP, (*) ANAER, (▪) AIR.
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which eventually resulted in oﬀ-odors. Simultaneously, anaerobic re-
spiration is induced on the microbiota resulting in oﬀ-odors formation
deriving both from lettuce and microbial metabolism. Hence there are
potentially three groups of VOCs produced under anaerobic storage,
ﬁrst the VOCs deriving from the iceberg metabolism, second the VOCs
that derive from microbial metabolism and third the common VOCs
that can be produced both from the iceberg and the microorganisms.
From the VOCs deriving from the lettuce metabolism, the majority
of the compounds will be related to mechanical injury and cutting.
Additionally accumulation of CO2 in the package would have an extra
adverse eﬀect on the tissue (Tudela et al., 2013). Most of the com-
pounds observed were related to LOX pathway such as (Z)-3-hexen-1-ol,
(Z)-3-hexenal, hexanal, 1-pentene which have been previously identi-
ﬁed in related studies (Deza-Durand and Petersen, 2014, 2011; Lopez-
Galvez et al., 2013; Tudela et al., 2013) with the exception of 1-pentene
which can also be produced by the LOX pathway (Fauconnier and
Marlier, 1997). Generation of LOX compounds in iceberg lettuce can
vary depending on the maturity level, the cutting direction, the
packaging conditions and the evolution of the MA gases (Deza-Durand
and Petersen, 2011, 2014; Tudela et al., 2013). The overall increase
observed in our study can be therefore linked to the transition of the
fresh cut iceberg lettuce during processing, to the anaerobic environ-
ment of the package combined with the excessive amount of produced
CO2. Thus, the increased concentrations of the LOX compounds could
contribute to the oﬀ-odor formation in the headspace of our packages.
Additionally, other compounds measured such as benzaldehyde could
be related to longitudinal cutting (Deza-Durand and Petersen, 2011)
while toluene which presented an increase could be linked with
wounded tissue (Fauconnier and Marlier, 1997).
Looking at the microbial composition of the anaerobic conditions
we can identify several genera with spoilage capacity to produce VOCs.
LAB reached the highest counts on the 10th day of storage
Fig. 2. Linear regression Shelf life plot based on the Weibull hazard model for the anaerobic condition ANAER and the AIR condition (with the conﬁdence limit 95%
in shade).
Fig. 3. PCA with its respective loading plot of the 15 VOCs and the time. Symbols represent the respective days: day 1 (•), day 3 (+), day 5 (×), day 6 (□) day 7 (◊),
day 10 (△).
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reaching>8 log cfu/g while Pseudomonas and enterobacteria were at 7
and 6.7 log cfu/g respectively. On the 7th day of storage, which is the
expiration day given by the producer only LAB reached levels higher
than 7 log cfu/g. Amplicon sequencing of 16 s rRNA revealed that 4
genera dominated the late shelf life stage of iceberg lettuce being
Pseudomonas spp., Lactococcus spp., Leuconostoc spp. and Rahnella spp.
The majority of the oligotypes of Pseudomonas detected under anaerobic
conditions were linked with Pseudomonas veronii. This species has ex-
hibited a high spoilage capacity in carrots (Kahala et al., 2012), while
we are aware of a common production line between carrots and lettuce
in the same processing plan from our supplier. Moreover, the growth of
P. veronii is favored under low O2 or high CO2 conditions as it has been
found proliferating in environments with very low residual O2 such as
N2 ﬂushed milk (Gschwendtner et al., 2016) or MA packaged sea bream
(Parlapani et al., 2015). Similar conditions were found in the ANAER
packages with< 0.01% of O2 while CO2 levels reached 17%. From the
LAB group both Lactococcus and Leuconostoc species have exhibited a
high spoilage capacity (Pothakos et al., 2014a) while they are com-
monly found under the processing environment of companies (Pothakos
et al., 2015b). These species have been linked with spoilage under
anaerobic conditions in fresh cut vegetables (Ragaert et al., 2007),
especially at the end of the shelf life (Pothakos et al., 2014c). They also
have been detected through culture independent techniques in MA
packaged fresh cut iceberg lettuce under anaerobic conditions at 7 °C
(Paillart et al., 2017).
From the compounds related to microbial activity several have
presented an overall increase. Isobutyl alcohol (2-methyl-1-propanol),
3-methyl-1-butanol were both found in iceberg lettuce (Ragaert et al.,
2007) and together with 2,3- butanedione they were produced by
Rahnella aquatilis in mixed lettuce agar under MA storage (Ragaert
et al., 2006). Additionally, 2,3-butanedione was reported in low O2
packed iceberg lettuce (Deza-Durand and Petersen, 2014) and it is also
associated with heterofermentative LAB metabolism. Whereas 2,3-bu-
tanediol has been detected in sweet bell pepper simulation medium
produced by L. gelidum subsp. gasicomitatum reaching up to 2000 μg/m3
by the end of storage under vacuum (Pothakos et al., 2014a).
Acetic acid which increased signiﬁcantly in our samples, has been
related with LAB bacteria metabolism in meat (Pothakos et al., 2015a)
and speciﬁcally with genus Leuconostoc and Lactococcus (Pothakos
et al., 2014a). Moreover, R. aquatilis also exhibited the potential to
produce acetic acid in mixed lettuce agar (Ragaert et al., 2006). Despite
the detection of acetic acid in the headspace of our samples, no sig-
niﬁcant drop in the pH was observed for the anaerobically stored ice-
berg lettuce.
Dimethyl sulﬁde has been measured in iceberg lettuce (Tudela et al.,
2013) while its formation can occur as a result of Pseudomonas spp.
activity or enterobacteria metabolism. A concentration buildup was
observed that surpassed the OT of 300 μg/m3 (Casaburi et al., 2015)
that could potentially result in oﬀ-odor formation.
From the VOCs detected in the anaerobically stored iceberg lettuce
related both to plant metabolism and microbial activity, alcohols were
the most prominent, with their production corresponding to 95% of the
overall VOC concentration detected on each day. The most important
alcohol was ethanol, which was by far the most abundant VOC detected
under anaerobic storage of iceberg lettuce. Increased accumulation of
ethanol has been reported multiple times in fresh produce and iceberg
lettuce especially under low oxygen conditions (Kim et al., 2005; López-
Gálvez et al., 2015; Ragaert et al., 2007; Sandhya, 2010; Tudela et al.,
2013), as in our study exceeding 100,000 μg/m3 by the end of shelf life.
Accumulation of ethanol can lead to oﬀ-odor formation, however as a
Fig. 4. A, B. Time evolution of the VOCs measured with SIFT-MS on iceberg lettuce stored at 4 °C under anaerobic conditions (ANAER). Each point represents the
mean (n= 3) and the lines represent the standard deviation.
Fig. 5. OTU table of the most abundant genera found in the iceberg lettuce samples at the beginning and end of storage: for the EMAP, For the ANAER and the AIR
packaging. Numbers D1 and D10 represent day 1 and 10 respectively, letters A, B, C the replicates on each condition.
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pure compound ethanol has a very high olfactory threshold being
54,950 μg/m3 (Zhang et al., 2013). The study of Pothakos et al., 2014a
exhibited that strains of Lactococcus piscium and Leuconostoc gelidum
subsp. gasicomitatum when exceeding 7 log cfu/g produced
30,000–40,000 μg/m3 of ethanol in sweet bell pepper simulation
medium under vacuum, however a strong strain dependency was ob-
served. Nonetheless, in anaerobically packaged fresh cut vegetables,
and therefore iceberg lettuce the ﬁnal concentration of ethanol will be a
result of anaerobic plant tissue respiration and the microbial metabo-
lism. Additionally, the production of ethyl acetate can be related to
both microbial and lettuce metabolism, since it can be produced be-
cause of the reaction of ethanol with acetic acid which were both
abundant in the headspace of our samples.
An overall positive correlation was observed between the consumer
rejection, LAB and Pseudomonas spp. counts, VOCs production and time
evolution under the anaerobic conditions. These VOCs can be inﬂu-
enced due to the inherent variability in fresh produce, by both the
composition of the microbial community and the production and pro-
cessing conditions. Our ﬁndings indicate that several VOCs play a role
in the formation of the oﬀ-odors perceived by the consumers related to
lettuce and microbial activity. Furthermore, while conventionally bio-
markers are selected as individual compounds, a broader approach
would be necessary for fresh cut vegetables. Alcohols dominated the
overall production of VOCs. Their concentration levels correlated also
with microbial growth, while sensory rejection (6.6 days for 25% re-
jection, ANAER) could be linked with a range between
80,000–100,000 μg/m3 of total alcohols (between day 6 to day 10)
(Fig. 7). While in oxygen containing MAPs, discoloration will be the
reason for early rejection, in anaerobic conditions VOC formation will
eventually deem the fresh cut iceberg lettuce unacceptable for con-
sumption. This means that future intelligent packaging technologies
should focus on groups of compounds which are most abundant and
correlated with the consumer rejection while presenting a steady in-
crease over time. These compounds may well be under the olfactory
threshold as in the case of ethanol, provided that their overall con-
centration buildup is related to the spoilage activity.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijfoodmicro.2018.04.034.
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